Introduction
In recent years, there has been considerable interest in rapid film formation techniques of metal oxides. This in terest is derived from the outstanding optical and electric properties of films consisting of randomly oriented nano or microcrystallites. An air-opened reactor operating under at mospheric pressure was designed for rapid deposition ex periments of polycrystalline titanium dioxide films with titanium tetra-isopropoxide Ti(O-i-C3H7)4 as the starting material.
Using this apparatus, anatase polycrystalline films grow with a relatively high growth rate at substrate temperatures ranging from 300 to 650. In addition, preferential orientation of the crystals is attained by keep ing the vaporizing temperature of the starting material under control. At a relatively low vaporizing temperature of 77, the films consist of <001> preferentially grown anatase crystals. A growth rate of 4nm/s is mainly given at a substrate temperature of 400. In contrast, <100> and <211>-oriented crystallites grew with a growth rate of 45 nm/s at a relatively high vaporizing temperature of 120. These results provided motivation to use a single crystalline substrate in achieving the steady-state epitaxial growth of anatase.
We have little understanding of the epitaxial growth pro cesses that are involved in and control metal oxide crystal nucleation and growth in chemical vapor deposition (CVD) processes. According to a classical kinetic model,3) precur sors that impinge upon the surface of a single crystalline substrate are immediately decomposed by heating, and adatoms diffuse across terraces and settle down at a certain site on the terraces or lattice steps, as shown in Fig. 1 . Some atoms desorb back into the gas phase after a characteristic time z while the remainder eventually reach a step. There are three primary models of film growth on solids. Two-dimensional lateral growth or Frank-Van der Merwe growth occurs on a clean, homoepitaxial substrate as shown in Fig. 1(a) with a flux f of precursors that im pinge upon the terrace. There are numerous examples of the lateral growth in metal-metal and semiconductor semiconductor systems. The lateral growth of the lattice steps finally leads to the development of single crystalline films directly. During multinucleation or Volmer-Weber growth, small clusters nucleate directly on the surface of the substrate, as illustrated in Fig. 1(b) . The clusters then grow into islands, which in turn coalesce to form a con tinuous film. The third growth model, i.e., the so-called Stranski-Krastanov growth, is a combination of three dimensional island and two-dimensional lateral growth mechanisms. In this case, lateral growth becomes un favorable and islands are formed after creating two-dimen sional layers. Stranski-Krastanov growth occurs much more frequently in metal-metal and metal-semiconductor systems. In this study, an insulator-insulator system was con ducted to investigate the heteroepitaxial growth of metal ox ides. Specifically, anatase-type titanium dioxide films were grown epitaxially on single crystalline substrate using an air-opened reactor operated under atmospheric pressure. The aim of the present work is to understand the kinetics in volved in promoting epitaxial growth of anatase under con ditions of relatively high growth rate. The initial growth pro cess of titanium dioxide is described and discussed by atomic force microscopy (AFM) and other analytical techni ques.
Experimental 2.1 Preparation of epitaxial substrate
The (100) SrTiO3 crystals are commercially available from Dowa Co. and polished with a mis-cut value within 0.1. The substrate was cut into a size of 550.5mm3 and then ultrasonically cleaned sequentially with trichloroethane, acetone and methanol. To form lattice steps on the surface, the substrate was etched in NH4F-HF solution. In this study, NH4F-HF solution was prepared as follows. NH4F concentrate was diluted to 30mM with 47 HF solution and deionized water. The solution mixture was stirred gently for several minutes. The pH of the solu tion was adjusted to 4.7 by adding ammonia water prior to etching. This pH-controlled solution was left to stand at am bient temperature for 1h. A piece of SrTiO3 single crystal was treated in the solution for 30min. After treatment, the single crystal was washed with deionized water for 30min. Atomic force microscopy (AFM; SPI-3700, Seiko Co.) revealed that lattice steps with a step height of 0.39nm and a terrace length of 150nm were formed on the sur face of all substrates, as shown in Fig. 2 . With the ap pearance of the lattice steps, the surface is believed to be en tirely covered by the Ti-O layer of the crystal.4) Regarding atomic configuration, a titanium atom is placed in the face centered position of the oxygen rectangular lattice having a lattice constant of 0.3904nm at a temperature of 25. On SrTiO3 substrate, anatase having a lattice constant a0 =0 .378nm at a temperature of 25 grows along the c-axis with <001> orientation. The atomic plane of the SrTiO3 crystal has a configuration similar to the h plane of the oc tahedral TiO6 structure which consists of the anatase struc ture. Therefore, the treated SrTiO3 is thought to be a Frank-Van der Merwe substrate, even if it has a lattice mismatch of 3.05% with anatase. This configuration should play an important role in the epitaxial process of anatase.
Preparation and characterization of films
Titanium dioxide films were prepared using an at mospheric CVD apparatus that was previously employed in obtaining polycrystalline anatase films,2) with titanium tetra-isopropoxide (Nacalai Tesque Co., quoted purity of 99.9%) as the source complex. The reactant Ti(O-i-C3H7)4 was loaded in a vaporizer and vaporized at 77. The reac tant vapor was first carried by nitrogen gas flow at a rate of 1.5dm3/min and then sprayed from the metallic nozzle directly onto the substrate. Ti(O-i-C3H7)4 is immediately decomposed by water existing in air upon heating to form titanium dioxide. The deposition duration of titanium diox ide was maintained between 1 to 600s for each experiment using the metallic shutter placed below the nozzle. The substrate was heated to 400 by an electric heater set behind the substrate. The distance between the nozzle and the substrate was kept constant at 25mm throughout the experiments. X-ray diffractometry (using RAD No. 2038, Rigaku Co.), was conducted to reveal the crystal structure , the growth direction and epitaxial relationship between the film and the substrate. Transmission electron microscopy (TEM) was also conducted to examine the epitaxial rela tionship.
The surface morphology of these films was observ ed by AFM. 3. Results 3.1 Epitaxial growth of the films After deposition for 600s, the thickness of the films reached 600nm on the (100) SrTiO3 substrate, implying a growth rate of approximately 1nm/s. This growth rate is 100 times higher than those obtained by conventional CVD techniques operated at low pressures.5) Since we have already reported that the growth rate is 45nm/s for <100> preferentially oriented anatase polycrystals on soda-lime silicate glass, epitaxial growth at a rate ex ceeding 1nm/s is expected using an optimum single crystalline substrate for <100> highly oriented anatase growth. Figure 3 shows a typical example of the X-ray diffraction pattern obtained from the sample. All the samples obtained in this study have an anatase structure as shown by the lone refraction at 29 of 37.8, which corresponds to the (004) diffraction peak, suggesting preferential orientation toward the <001> direction of anatase. To confirm in-plane orien tation of the films, rocking curves are obtained from both anatase and SrTiO3 substrate, and are shown in Fig. 4 If the sample possesses in-plane orienta tion, (105) reflections should be obtained at a certain in plane rotational angle of the sample. As shown in Fig. 4(a) , (105) reflections of anatase were obtained at two rotational angles of the sample, =0 and 90, suggesting that the two a-axes of the anatase crystal aligned completely in-plane. In order to determine the index of in-plane crystal axes of the substrate, leaving the [001] axis of the substrate, 2 is fixed at 38.59 which is the angle of (310) If the sample has grown epitaxially, (310) reflections should ap pear at the same as that at which (105) reflections of anatase are obtained. As shown in Fig. 4(b) , the (310) reflections of anatase were also seen at two rotational angles of the sample, =0 and 90, suggesting the follow ing in-plane epitaxial relationship:
TiO2 This result is well supported by cross-sectional transmis sion electron micrographs shown in Fig. 5 . This high-resolu tion micrograph viewed along the [100] direction of SrTiO3 substrate gives a more detailed atomic line view of the inter face. The clean interface is particularly interesting because the films were grown in the air-opened and rapid deposition system. No evidence of the existence of an amorphous thin film layer and no evidence of the occurrence of grapho epitaxy were detected at the interface. Note that the (110) lattice fringes of SrTiO3, d=0.28nm, connect to the (101) lattice fringes of anatase, d=0.35nm, directly at the inter face, implying the epitaxial relationship mentioned above. To completely relax the film, an array of misfit dislocations with Burger's vector is ideally expected to occur at the inter face with a spacing of about 11nm. An arrow indexed as 1" represents the lattice step of SrTiO3. Although the misfit dislocations were arranged and separated by a distance of 10-15nm, along the atomically flat interface, many misfit dislocations aggregated near the lattice step as indicated by arrows "2" and "3". Cross-sectional observa tion also revealed that the thickness of this film is 35nm. Since this sample was deposited within 40s, the growth rate was equal to 1nm/s, which corresponded to those ob tained from 600s deposition and polycrystalline deposition experiments.2) Figure 6 shows AFM micrographs of the surface of the sample deposited for 1s to 40s. Anatase crystals seem to grow in accordance with the Stranski-Krastanov growth process. As mentioned in Section 2, lattice steps with a height of 0.39nm and a terrace width of 150nm were seen on the surface of the SrTiO3 crystallite by etching in NH4F-HF solution. The step front maintained many straight line images that were parallel to the <100> direc tion of the crystal. As shown in Fig. 6(a) , AFM image of the sample within 1s deposition, titanium dioxide grew epitaxially with a possibility of lateral growth. At the step front of titanium dioxide, morphological instabilities were seen with progress of the crystal growth, as indicated in Fig. 6(b) . One of the morphological instabilities was step wandering. As-treated substrate indicated the wandering wavelength and amplitude of 0.8-1.0m
Initial growth process
and 20-30nm, respectively, where the wavelength and the amplitude were defined as the distance between closed two convex portions existing on the wave with a maximum amplitude, and the peak-to-peak value between concave and convex portions of the wandering step front, respectively. This amplitude in creased to 60-110nm. (after 1s) and 80-150nm (after 5s).
The values of wavelength and amplitude mentioned above are the average values calculated from data of 5 samples, with 200 locations on each sample. Each AFM image in Fig. 6 represents typical results of step wandering. The origin of step wandering will be given in an other report. Another instability is the formation of three-dimensional nuclei. Only a few nuclei of 10-nm diameter were formed after 1s. The nuclei diameter increased to 30nm after 5s of deposition. After 15s, step images completely disap peared from the surface of the sample, as shown in Fig.  6(c) . The surface morphology of <001>-oriented films in dicated the existence of a number of nanoclusters and unclear crystalline facets. However, no evidence of oriented crystal growth was obtained from the micrograph. As in dicated in Fig. 6(d Using the cross-sectional analysis function attached to AFM, the actual length and height of the anatase steps were measured as shown in Fig. 7 . In this figure, there were 0.39-0.40nm steps, and 0.43-0.53nm steps with a ter race length of 70-90nm. Since only 0.39-0.40-nm steps were observed before deposition, the former and the latter steps were attributed to SrTiO3 and anatase steps, respec tively. The average lateral growth rate of steps was calculated as 100nm/s using the 200 terrace length values distributed from 60nm to 140nm for 1-s deposition. In addi tion, height distributions were also derived from cross-sec tional measurement results. The height distributions remained fundamentally unchanged between two portions, although the step height was measured at convex and con cave portions of the wavy steps. Figure 8 indicates the step height distribution obtained from 200 points. The step heights were distributed ranged from 0.41nm to 0.75nm with an average step height of 0.6nm.
Discussion 4.1
Step structure model In the initial growth process, if an anatase step, whose height corresponds to the lattice constant c0, grew laterally from the step front of strontium titanate, the height of anatase step would simply be expected to be 0.91+nm, where is the interface distance between the anatase film and the substrate, and is 0.1<<0.2nm.
Using the cross sectional analysis function attached to AFM, however, the average step height was found to be 0.6nm and there were no steps having a step height of 0.91+nm.
In this section, the average step height is discussed. Fig. 9 . Possible step structure model of anatase grown for 1s. Model (a) is composed of one octahedron layer. The second (b) and third (c) models follow the charge equality rule of ionic crystals. The chemical formulas and step heights are Ti2O5H2 with 0.67nm and Ti2O4 with 0.38nm. Note that these models are drawn in two dimensions. Therefore, elemental composition in the step structure models is not represented by the chemical formula.
The surface of SrTiO3 was etched by NH4F-HF solution to form lattice steps, prior to deposition. After etching treatments, it is well known that the surface of SrTiO3 is completely terminated by Ti-O face. This Ti-O configura tion of the surface is structurally close to that of the c-plane monolayer of anatase crystal. Therefore, the growth of anatase may be somewhat homoepitaxial and start from the lateral growth of steps. The unit structure of anatase crystal is composed of 0.38-nm-high octahedrons that in clude one titanium ion surrounded by six oxygen ions. The distance between two c-plane Ti-O monolayers is equal to 0.19nm, although the distance is slightly scattered by strain due to Coulomb attraction. We considered a possible step model based on knowledge of the configuration of anatase crystal and the substrate surface. Figure 9 il lustrates the possible model of the epitaxial anatase layer of around 0.6nm height. The first model Fig. 9(a) is compos ed of a single octahedron layer. The step height reaches 0.57nm, which corresponds to the position of upper atoms of the first octahedron (3rd monolayer). Although this value is close to the average step height, this model is ruled out due to unequal amounts of charge between anions and cations in the crystal. The chemical formula of this step model is Ti2O5. In contrast, the second Fig. 9 (b) and third Fig. 9(c) 4.2 Growth model of anatase on SrTiO3 AFM micrographs showed that anatase crystals seem to grow in accordance with the Stranski-Krastanov growth process. The Stranski-Krastanov growth is a combination of three-dimensional island and two-dimensional lateral growth mechanisms. In this case, lateral growth becomes unfavorable and islands are formed after creating two dimensional layers. Therefore, lateral growth should be observed only during the initial stage of the growth process. Cross-sectional analysis of the anatase steps gave evidence of the initial lateral growth, as shown in Fig. 7 . As a second condition, the lateral growth might become unfavorable at relatively thin thickness, the so-called critical thickness, which was typically 2-20ML in heteroepitaxial cases, due to elastic energy release.6) The number of atomic layers step easily calculated using the velocity of lateral growth and starting time of island growth. In this experiment, 0.61 nm steps grew at a velocity of 100nm/s until 5s. After 5s, growth of islands having a smaller radius of curvature than the continuous film became dominant in the process. In this model, the steps might form the uniform and continuous crystalline film having a thickness of approximately 2nm. This film ideally contains 10-ML atomic layers in the struc ture. This thickness is sufficient proof that the lateral growth was limited by the critical thickness. These two results well support the fact that our crystal growth is in ac cordance with the Stranski-Krastanov model. At the start of island growth, the growth rate might be accelerated to 1 nm/s toward the c-axis because the growth front possessing a small radius of curvature can adsorb gaseous species. 7 Stranski-Krastanov growth occurs9) when (1) the bin ding between deposited atoms is equal to or less than that between atoms on the film and on the substrate, and (2) elastic energy stored in the film due to film/substrate lattice mismatch is released. In our experiment, anatase grew quasi-homoepitaxially on the Ti surface of the SrTiO3 substrate with a lattice mismatch of 3% The binding energy of Ti-O of the substrate surface is thought to be equal to that in anatase. In addition, the lattice mismatch of 3% is sufficient to store elastic energy in the films. CVD diamond grown epitaxially on cubic boron nitride becomes small clusters via Volmer-weber growth.10) Raman spec troscopy revealed that diamond clusters have relatively high elastic energy due to the lattice mismatch of 1%.11) Since the two conditions matched those for anatase/SrTiO3 epitaxial growth, the samples finally grew by Stranski Krastanov configuration.
Conclusion
This investigation revealed the epitaxial growth and the initial growth processes of anatase films deposited using the atmospheric pressure CVD apparatus.
( (2) In the initial growth process, lateral step growth started, followed by multiriucleation. Anatase crystals grew in accordance with the Stranski-Krastanov growth process.
(3) At the step front of anatase, morphological in stabilities, step wandering and formation of three-dimen sional nuclei, were seen as crystal growth progressed.
